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membranes was measured by the
DOE wet-dry protocol.
 The membrane in the edge region of
the MEA was ruptured due to stress
concentration.
Mechanical rupture strain of mem-
brane was signiﬁcantly reduced after
30,000 cycles.
 New MEA edge conﬁguration rein-
forced by a sub-gasket and a soft GDL
was developed.
Mechanical durability was improved
more than 100 times due to the
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The mechanical durability of hydrocarbon (HC) membranes, used for polymer electrolyte fuel cells
(PEFCs), was evaluated by the United States Department of Energy (USDOE) stress protocol involving wet-
dry cycling, and the degradation mechanism is discussed. The HC membrane ruptured in the edge region
of the membrane electrode assembly (MEA) after 300 cycles due to a concentration of the mechanical
stress. Post-test analysis of stress-strain measurements revealed that the membrane mechanical strain
decreased more than 80% in the edge region of the MEA and about 50% in the electrode region, compared
with the pristine condition. Size exclusion chromatography (SEC) indicated that the average molecular
weight of the HC polymer increased slightly, indicating some cross-linking, while the IEC decreased
slightly, indicating ionomer degradation. As a result of two types of modiﬁcations, a sub-gasket (SG) and a
soft gas diffusion layer (GDL) in the MEA edge region, the mechanical stress decreased, and the durability
increased, the membrane lasting more than 30,000 cycles without mechanical failure.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).ida).
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Polymer electrolyte fuel cells (PEFCs) have attracted much
attention due to their expected application in residential cogene-
ration systems and automotive power sources, with the possibility
of reducing CO2 emissions. For the commercial use of these appli-
cations, it is essential to reduce the material and manufacturing
costs of PEFCs and to guarantee long-term durability.
Hydrocarbon (HC) membranes are expected to be next-
generation PEFC membrane alternatives to conventional per-
ﬂuorinated membranes (e.g., Naﬁon), due to their low process cost,
environmentally-friendly materials, ﬂexible polymer modiﬁcation,
and low through-membrane gas permeability [1,2]. However, it is
necessary to improve their proton conductivity, chemical durability
and mechanical durability to the same levels as those for the per-
ﬂuorinated membranes under practical fuel cell operating
conditions.
To overcome these drawbacks, HC membranes have been
developed intensively for many years. The polymer composition
and morphology have been modiﬁed in order to maintain high
proton conductivity, even under low humidity conditions. Recent
progress has revealed that multiblock copolymers composed of
sulfonated hydrophilic segments and hydrophobic segments show
much enhanced proton conductivity [3]. The highly concentrated
sulfonation in the hydrophilic segments of the multiblock poly
(arylene ether)s resulted in proton conductivity comparable to that
of the perﬂuorinated membranes, even under low humidity con-
ditions [4e6].
The oxidative stability of the HCmembrane is also a key issue for
the chemical durability [7,8]. The introduction of electron-
withdrawing sulfone or ketone groups as well as sulfonic acid
groups into the hydrophilic parts improved the oxidative stability
of the bulk membranes [9]. Recently, we have proposed a new HC
membrane that is composed of a sulfonated polybenzophenone
poly (arylene ether ketone) (SPK) copolymer (Fig. 1) [10]. This
membrane showed higher radical tolerance and chemical dura-
bility than those of conventional HC membranes due to the intro-
duction of chemically stable hydrophilic components into the
polymer chain [11]. Even after a chemical durability evaluation for
980 h, the loss in molecular weight (Mw) of the SPK polymer was
only ca. 6%, and the MEA maintained high performance due to a
suppression of the speciﬁc adsorption of the membrane degrada-
tion products on the cathode catalyst.
It is also required for the membranes to have enhanced me-
chanical durability. Under practical fuel cell operating conditions,
the membrane swells and shrinks repeatedly in the cell due to
temperature and humidity cycles. These cycles cause mechanical
stress of the membrane, which results in the irreversible defor-
mation or rupture of the membrane [12]. In the literature, there
have been few reports on the durability of HC membranes during
humidity cycling [13,14]. To enhance the mechanical durability, HC
membranes were modiﬁed to have higher mechanical strength, or
they were reinforced with materials that had high mechanical
strength characteristics [15e19]. Gross et al. prepared membranes
consisting of sulfonated poly(arylene ether ketone) triblock co-
polymers with different morphologies and compared the RH cycle
durability [20]. A block copolymer showed higher durability thanO
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Fig. 1. Chemical structure of sulfonated polybenzophenonthat of a random copolymer, and a membrane with a low degree of
lamellar orientation showed higher durability than that with highly
oriented lamellae. MacKinnon et al. measured the RH cycle dura-
bility for both PFSA and HC membranes [21]. The PFSA membrane
was more robust compared to the HC membranes, due to its lower
modulus and higher elasticity. Miyatake et al. measured the me-
chanical durability of sulfonated polyimide (SPI) membranes by
means of an evaluation method involving wet-dry cycles, similar to
the United States Department of Energy (USDOE) protocol [22,23].
It was revealed that the membrane mechanical properties and gas
impermeability deteriorated only slightly after 10,000 cycles, even
though the membrane was hydrolyzed to a certain extent. In our
work however, when the same cycle evaluation was conducted
with an SPK membrane, the membrane ruptured mechanically less
than 100 cycles. The membrane ruptured in the edge region of the
membrane-electrode assembly (MEA), and thus it was concluded
that there was speciﬁc membrane degradation in that region.
In the present work, the mechanical degradation mechanism of
HC membranes and various strategies to enhance the mechanical
durability, including reinforcing modiﬁcations, are discussed,
focusing particularly on the edge conﬁguration of the MEA. Three
types of edge conﬁgurations of the MEA were prepared, and the
effect on the durability during mechanical stress was evaluated for
each. During the durability cycling, the mechanical degradation of
the HC membranes was analyzed by monitoring the percentage of
H2 gas crossover through the membranes. In the post-test analysis,
the membrane mechanical properties were analyzed by means of a
tensile test, and the SPK polymer properties were analyzed by size
exclusion chromatography (SEC). Based on these results, the me-
chanical degradation mechanism of the HCmembrane is discussed.
2. Experimental
2.1. Membrane electrode assembly (MEA) conﬁguration
The SPK membrane (ca. 30 mm thick) was prepared according to
the method described previously [10]. The ion exchange capacity
(IEC) of the SPK membrane was 1.59e1.84 meq g1, as determined
by titration. Carbon-supported PteRu anode material and PteCo
cathode catalyst, TEC61E54 and TEC36E52, respectively, were
purchased from Tanaka Kikinzoku Kogyo. The catalyst slurry was
prepared by mixing the catalyst, a perﬂuorosulfonated ionomer
(equivalent weight ¼ 909 g eq1, Asahi Glass Co., Ltd.) (dry basis)
solution, and solvents, which consisted of water and ethanol.
Catalyst layers (CL) were made by spraying the slurry directly on
the membrane. The Pt loadings of the anode and cathode were
0.3 mg cm2 and 0.6 mg cm2, respectively. The geometric CL
electrode area was 36 cm2 (6 cm  6 cm). The resulting catalyst-
coated membrane (CCM) was annealed at 160 C for 5 min.
The MEAs were constructed by sandwiching the CCM between
two gas diffusion layers (GDL) with microporous layers. Two types
of GDL were used for the durability cycling. The ﬁrst type was a
conventional paper GDL (240 mm, SGL-25BCH, SGL Carbon Group
Co., Ltd.). The second was a soft-type GDL, which was prepared by
the procedure described below.
According to work of Yamauchi and Tsuji [24,25], the soft GDL
was prepared as follows. The GDL slurry was prepared by mixingO
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e poly (arylene ether ketone) (SPK) block copolymer.
Table 1
Separator ﬂowﬁelds of a single cell.
Separator Anode Cathode
Channel Flowpath type Serpentine Serpentine
Width 1 mm 1 mm
Depth 1 mm 1 mm
Number of ﬂowpaths 2 6
Number of turns 20 6
Land Width 1 mm 1 mm
H. Ishikawa et al. / Journal of Power Sources 325 (2016) 35e41 37acetylene black, graphite, polytetraﬂuoroethylene (PTFE) and sur-
factant solution. The GDL sheet was constructed by kneading and
rolling the slurry. By heating the sheet at 300 C in the furnace, the
surfactant and solvent were removed, and the porous structure was
formed. The sheet thickness and porosity were adjusted to ca.
400 mm and ca. 50%, respectively, by rolling the sheet again. The
shear stiffness and bending stiffness of the soft GDL were more
than 10 times lower than those of the paper GDL due to the absence
of PTFE-bonded hard carbon ﬁbers.
The MEA was mounted in a single-cell holder composed of two
carbon separator plates with ribbed single-serpentine ﬂow chan-
nels. An image of the cell and the speciﬁc information of the
separator ﬂowﬁelds are shown in Fig. 2(a) and Table 1 respectively.
The cell was fastened to generate a force of 10 kgf cm2. The
compressive force was passively controlled by optimizing the
amount of the spring strain in the cell when it was fastened. The
compressive force was measured by inserting pressure-sensitive
paper in the cell. Three types of MEA edge conﬁguration were
prepared. Cross-sectional images of each conﬁguration are shown
in Fig. 2(b). Type A is the basic conﬁguration, which includes no
edge modiﬁcations in the MEA. In type B, a sub-gasket (SG) ﬁlm,
which was a 38 mm thick poly phenylene sulﬁde (PPS) sheet, was
introduced in the edge region of the MEA. In type C, the paper GDL
of type B was replaced with a soft GDL. Furthermore, to compare
the membrane durability, an MEA that consisted of Naﬁon NRE 211
in the type B conﬁguration was prepared.2.2. Cell performance testing of each GDL
The cell performance of each GDL was measured according to
the following procedure. H2 and air were supplied to the anode and
cathode, respectively. The cell temperature was maintained at
80 C, and the dew points of the gases were 65 C. The voltage and
IR loss at 0.3 A cm2 were measured by use of an ohmmeter.
Furthermore, the cathode gas was switched to O2, and the O2 gain,
which is deﬁned as the difference between the voltages observed
with air and O2 at the same current, was measured.2.3. Mechanical durability cycling
The USDOE protocol was used as the method for the mechanical
durability evaluation [22,23]. H2 and N2 gases were supplied to theFig. 2. (a) Photographic image of a single cell; (b) schematic cross-sectional diagrams of the
(type B) conﬁguration modiﬁed with a sub-gasket (SG) ﬁlm; and (type C) conﬁguration moanode and cathode, respectively. For both gas lines, humidiﬁed
(“wet”) and dry gas lines were prepared. Humidiﬁcation of the wet
gas was carried out by passing through a gas-sparging humidiﬁer at
90 C. During the durability evaluation, the wet and dry gases were
toggled every 2 min, and thus the HC membrane repeatedly
swelled and shrank quickly, so that the mechanical degradation
was accelerated. The anode and cathode gas ﬂow rates were both
set to 2 standard liters per minute (slm). The cell temperature was
maintained at 80 C, and the dew points of the gases were 90 C
(wet) and less than 0 C (dry).
During the durability cycling, the membrane degradation was
analyzed by measuring the percentage of H2 crossover through the
membrane. The percentage of H2 crossover is deﬁned as follows:
%HCO ¼ VH2;cathode;outlet
VH2; anode; inlet
 100
where VH2,anode, inlet is the ﬂow rate of H2 measured for the inlet gas
stream before passing through a gas-sparging humidiﬁer at a
temperature of 23 C and a pressure of 1 atm. VH2,cathode, outlet is the
ﬂow rate of H2 calculated from the percentage of H2 present in the
total outlet gas from the cathode. The H2 percentage in the cathode
outlet gas was measured according to the following procedure.
Both the cell temperature and the dew points of the anode and
cathode gases were maintained at 60 C. The anode and cathode
gas ﬂow rates were both set to 0.3 slm. The cathode outlet gas,
which included N2, H2O, and H2, was dehumidiﬁed by passage
through an ice bath. Then, a 2-mL gas aliquot was sampled at a
temperature of approximately 23 C and a pressure of 1 atm, and
was injected into a gas chromatograph (GC-8A, Shimadzu Co.). The
accumulated area of H2 peak in the chromatograph was calculated,edge conﬁgurations for MEAs: (type A) basic conﬁguration with no edge modiﬁcations;
diﬁed with both SG and soft GDL.
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Fig. 3. Cell performances for each GDL type: cell voltage (black bars), IR loss (silver
bars), and O2 gain (white bars).
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Fig. 4. Hydrogen crossover percentages through the membranes in the various MEA
edge conﬁgurations: type A (open triangles); type B (open circles); type C (open
squares); and type B using a Naﬁon NRE211 membrane (solid circles) during the
durability cycling.
H. Ishikawa et al. / Journal of Power Sources 325 (2016) 35e4138and the H2 percentage was determined by comparing with the area
of the standard 1% H2 gas. The H2 percentage determined by GCwas
equal to the H2 percentage in the cathode outlet gas after the
dehumidiﬁcation. VH2,cathode, outlet was calculated by multiplying
the H2 percentage and the cathode inlet ﬂow rate.
2.4. Post-test analyses
After the durability cycling, the cells of each MEA conﬁguration
were disassembled. The SG and GDL were removed from the MEA,
and the membrane degradation for types A, B and C was analyzed.
The rupture region of the membrane was identiﬁed by means of
a helium gas leak test. In this test, the MEA was attached to the
helium leak inspection apparatus. Helium gas was supplied to one
side of the MEA, and the amount of helium leakage through the
membrane was detected on the other side of the MEA by the he-
lium leak detector (UL200 Ver. 4, INFICON Co.,Ltd.). In the plane of
the MEA, electrode area of 36 cm2 was divided 36 (6  6) regions at
1 cm2 each and the helium leak rate was detected in each region.
The tensile strength of the membrane was measured by use of
an universal tensile-compression testing machine (SVZ-50Nb-5R2,
IMADA-SS Co.). Stress versus strain curves were obtained for
samples cut into a dumbbell shape (10 mm  35 mm (total) and
10 mm  20 mm (test area)) and ﬁxed to a ﬂat metal block. The
measurement was conducted at 23 C and 50% RH at a stretching
speed of 10 mm min1.
Molecular weight of SPK polymer was measured by size exclu-
sion chromatography (SEC) equipped with two TOSOH TSKgel a-M
and a-3000 columns and a Showa Denko RI-71 refractive index
detector. N,N-dimethylformamide (DMF) containing 0.05 M LiCl
and 0.01% HCl was used as the eluent at a ﬂow rate of 0.8 mLmin1.
The average molecular weight was calibrated with standard poly-
styrene samples.
3. Results and discussion
3.1. Cell performance of each GDL
Fig. 3 shows the results of the performances of the cells that
included the paper GDL and soft GDL. The soft GDL exhibited
almost the same voltage as that for the paper GDL at 0.3 A cm2.
Therewere also small differences in IR loss and O2 gain between the
two GDLs. It was assumed that the humidity retention and gas
diffusive resistance values for both GDLs were nearly the same for
current densities below 0.3 A cm2. Therefore, the type of GDL did
not exert a signiﬁcant inﬂuence on the cell performance.
3.2. Durability evaluation by DOE stress protocol
Fig. 4 shows the results of the DOE durability cycling in each
conﬁguration of the MEA. In type A, the H2 crossover percentage in
the cathode outlet gas increased sharply after just 300 cycles due to
a membrane rupture. Themembrane ruptured in the edge region of
the MEA, which indicated that the membrane mechanical stress at
the edge was higher than that in the main part of the electrode. The
detailed degradation mechanism of the membrane will be dis-
cussed in Section 3.5.
In type B, the membrane durability was enhanced, and the H2
crossover percentage did not increase sharply until 4,000 cycles. It
was concluded that the membrane stress was reduced as a result of
themodiﬁcation using the SG ﬁlm at the edge of theMEA. However,
the membrane ruptured at 4,000 cycles due to the insufﬁciency of
the modiﬁcation.
In type C, both the modiﬁcation by the SG and the use of the soft
GDL were effective in increasing the durability of the HCmembraneto 30,000 cycles. Even though the H2 crossover percentage
increased gradually after 15,000 cycles, no sharp increase was
observed. The type C conﬁguration was superior to that of type B
using the Naﬁon NRE211 membrane, which was also degraded in
the edge region of the MEA. When the cell was disassembled after
the durability cycling, the soft GDL was strongly bonded to the
membrane, whereas the SG was very easily detached from the
membrane. These results indicate that the soft GDL was a key factor
in reducing the membrane mechanical stress and led to an
enhanced mechanical durability of the HC membrane.
3.3. Analysis of mechanical properties
After the durability evaluation, the cells using each MEA
conﬁguration were disassembled, and the membrane degradation
and mechanical properties were analyzed. Fig. 5(a) shows photo-
graphic images of the type B MEA conﬁguration. A crack in the
membrane was observed in the top left region. The membrane
ruptured along the edge of the SG ﬁlm.
Fig. 5(b1) shows an image of the type C MEA conﬁguration, in
which the membrane was modiﬁed by both the SG and the soft
GDL. No apparent cracks were observed in the membrane. To
investigate the possible presence of pinholes in the membrane, the
helium leakage was checked in 36 regions in the plane of the MEA
(Fig. 5(b2)). In the pristine membrane, the leakage rates were less
Fig. 5. (a) Photographic and schematic images of the type B MEA after durability cycling; (b1) photographic image of the type C MEA after cycling; and (b2) graph of the helium
leakage rates in the planar direction of the type C MEA after cycling.
H. Ishikawa et al. / Journal of Power Sources 325 (2016) 35e41 39than 1.0  105 Pa m3 s1 in all regions, while the rate increased to
more than 1.0  103 Pa m3 s1 in the deteriorated membranes in
which there was complete rupture, i.e., types A and B. The leakage
rates for the type C membrane were less than 1.0  104 Pa m3 s1
in all regions, and it was concluded that the membrane, even
though deteriorated to some extent, did not contain large pinholes.
These results indicate that the edge of the membrane was modiﬁed
by the soft GDL, and the mechanical durability was enhanced.
Themechanical properties of the HCmembrane used in the type
C conﬁguration were analyzed by use of the tensile tester. The
stress-strain curves of the pristine membrane and three regions of
themembrane in type Cwere compared (Fig. 6). After the durability
evaluation of 30,000 cycles, the strain percentages at the rupture
point of all regions in type C were signiﬁcantly decreased, but to
varying degrees in each region. The rupture strain percentage of the
membrane in the electrode region, which was contacted with the
soft GDL, retained about 50% value of that for the pristine mem-
brane. On the other hand, the rupture strain values in both the SG
edge region and the peripheral region outside the electrode, which
were still in contact with the SG, decreased signiﬁcantly, to less
than 20% of the pristine value. The reduction of the membrane
rupture strain represents the degree of irreversible deformation.
These results indicate that the membrane in the type C conﬁgura-
tion deteriorated mechanically, and the materials that were in
contact with the membrane were key factors in enhancing the
membrane mechanical durability.0
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Fig. 6. Tensile strengths of the SPK membranes: pristine membrane, and membrane in
the type C MEA in the electrode region, peripheral region, and SG edge region after the
durability cycling.3.4. Analysis of chemical properties
The chemical state of the SPK polymer before and after the stress
evaluation was examined by use of SEC analysis (Fig. 7). In Table 2,
the average values ofMw for the SPK polymerswere higher after the
stress evaluation than that of the pristine polymer, although there
were small peaks in the low Mw (ca. 2e3 kDa) region, indicating
chain breakage (Fig. 7). In Fig. 7, as compared to the pristine poly-
mer, the main Mw peak for the three membrane regions decreased
in intensity after the durability cycling, while the intensity for
Mw > 106 increased. The increase of the Mw could be due to ionic
cross-linkage between the SPK polymer chains. The ion exchange
capacity (IEC) of the SPK polymer was evaluated by 1H NMR after
the durability cycling. The IEC values in each region decreased about
10% from the pristine value, which was 2.7 mmol g1. After theFig. 7. SEC curves for the SPK polymer: pristine (blue circle), and type C in the elec-
trode region (red triangle), SG edge region (purple square), and peripheral region
(green diamond) after the durability cycling. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 2
Molecular weights of pristine and type C polymer after the
durability cycling.
Mw (103)
Pristine 258
Electrode region 369
SG edge region 465
Peripheral region 306
Fig. 8. Schematic diagrams of the various edge conﬁguration of the MEA and their membrane degradation mechanisms: (a) type A; (b) type B; and (c) type C.
H. Ishikawa et al. / Journal of Power Sources 325 (2016) 35e4140durability cycling, it decreased to 2.4 mmol g1 in the electrode
region, 2.4mmol g1 in the peripheral region, and 2.5mmol/g in the
SG edge region. It was considered that the SPK polymer degraded
chemically to a certain extent as a result of the durability cycling.
That could be due to the same type of ionic crosslinkage of the acid
sites in the SPK polymer mentioned above, but not due to a signif-
icant breakage of the polymer chain.
3.5. Discussion of degradation mechanism
Based on these results, the degradation mechanism of the HC
membrane is discussed. Fig. 8 shows schematic cross-sectional
images of each conﬁguration. In the type A conﬁguration, the
membrane in the electrode region was held in place by the GDL,
and the peripheral region of themembranewas held in place by the
gasket. In these regions, the membrane was not able to swell and
shrink signiﬁcantly during thewet-dry cycles (Fig. 8(a)). In contrast,
the membrane in the edge region of the electrode was able to swell
and shrink easily during the cycling due to the lack of restriction of
dimensional change. Therefore, the membrane deformed and
ruptured in the edge region.
In the type B conﬁguration, the SG ﬁlms were placed in the edge
region of the electrode and on the peripheral region of the mem-
brane surface (Fig. 8(b)). The membrane in the edge region was
ﬁxed by the SG, and the membrane swelling and shrinking were
restricted. However, the effect of the SG was small, and the mem-
brane ruptured in the edge region after 4,000 cycles. This result can
be attributed to the fact that the fastening stress was concentrated
in the edge region due to the uneven thickness of the MEA. The
thickness in this region was relatively higher than that of other
regions, because the GDL, using a hard paper, was located on the SG
ﬁlm at the edge. Higher compression in the SG area causes higher
shear stress in the region of the subgasket edge compared with that
in the electrode region. Therefore, the membrane ruptured at that
point due to the concentration of the fastening stress.
In the type C conﬁguration, both the SG and the soft GDL were
introduced to prevent the fastening stress concentration (Fig. 8(c)).
Even though the thickness of the MEA in the edge region was un-
even, the soft GDL deformed easily and relieved the fastening stress
in this region due to a cushioning effect. Furthermore, the deformed
soft GDL adhered and held the membrane more strongly than the
paper GDL. We propose that the strong adhesion might have less-
ened the membrane shrinking and swelling. Consequently, the
stress at the edge of the membrane decreased. Therefore, the
membrane durability was signiﬁcantly improved, so that adurability of 30,000 cycles was achieved. However, the results of
the stress-strain curve indicated that the membrane had still been
mechanically degraded. Speciﬁcally, the membrane at the SG edge
and in the peripheral region was signiﬁcantly degraded. It was
considered that the membrane swelled and shrank not only in the
electrode region but in the SG edge region and the peripheral re-
gion during the wet-dry cycles in the small cell. In the small cell,
water can diffuse easily in the planar direction inside the mem-
brane and reach the peripheral region. Furthermore, themembrane
in the electrode region was bonded strongly by the soft GDL, while
the membrane at the SG edge and in the peripheral region was not
bonded by the SG. Both the cushioning effect and strong adhesion
of the soft GDL in the electrode region may have resulted in a
lessening of both strain and irreversible deformation.
For the further improvement of mechanical durability, it is
important to reduce the mechanical stresses on the membrane and
also to restrict the dimensional changes. For instance, introducing a
thinner SG ﬁlm could be effective in reducing the mechanical
stresses in the SG edge region. Introducing a cushioning bonding
layer between the SG and the membrane might be effective in
reducing the stress concentration in the edge region of the MEA. It
also might be effective to introduce a core substrate material into
the membrane to restrict the dimensional changes of the
membrane.
4. Conclusions
The mechanical durability of the HC membrane in various MEA
conﬁgurations was examined, and its degradation mechanism was
discussed. The membrane in the edge region of the MEA was
ruptured due to membrane swelling-shrinking and mechanical
stress concentration. The modiﬁcations of both the SG and the soft
GDLwere effective in both preventing the swelling-shrinking of the
membrane and reducing the stress concentration due to the
fastening. The mechanical durability was improved by a factor of
more than 100, so that the HC membrane achieved 30,000 cycles
during the evaluation of the DOE dry-wet protocol with the new
modiﬁed conﬁguration. The post-test analyses indicated that the
mechanical strain of the membrane was reduced by about 50% in
the electrode region and more than 80% in the edge region.
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